& Context Implementing nature-based silviculture requires understanding the structural and compositional changes that occur in forested stands under known disturbance types and intensities. & Aims The objectives were to assess the (a) resistance of hardwood forests to change, (b) their trajectory of recovery following disturbance, and (c) how closely resulting forests resemble original forests. & Methods We characterized tree structure and composition at three points in time (pre-disturbance, 1-year post-disturbance, and ∼15 years following disturbance) along a harvesting disturbance gradient created by removing trees in different forest canopy strata. & Results Significant differences to pre-disturbance conditions were noted immediately post-harvest for tree basal area, density, species richness, and tree species composition; treatment differences were observed for all parameters except diversity. Plots exposed to the least extreme harvesting disturbances (cutting small and intermediate trees) had returned to pre-disturbance conditions for most parameters after 15 years, while the most extreme harvesting disturbance (cutting large trees) had not yet recovered.
Introduction
A primary theme in modern forest ecosystem management is "nature-based" silviculture in which management practices are used to emulate the outcomes of the natural disturbances to which forested ecosystems would be subjected in the absence of human intervention (Larsen and Nielsen 2007) , under the presumption that these more "natural" disturbances are more likely to promote ecosystem resilience, particularly with respect to biodiversity (Seymour and Hunter 1999) . Inherent to this approach is the need to understand how far management can deviate from the natural range of variability before compromising ecological integrity and resilience (Perry 1998) . Doing so requires quantifying variability in the reaction to harvesting disturbances of known type and intensity by whatever ecosystem components are relevant to desired management objectives. The silvicultural technique of clearcutting represents a more intense form of disturbance than typically occurs naturally in the eastern and northern hardwood forests of North America (Lorimer 2001) , which explains why it is often employed in this region to regenerate a different tree species composition than what would otherwise develop on a site. Other silvicultural techniques involving less intense disturbances have long been employed to achieve different objectives, such as regeneration or increased growth and quality (Miller and Baumgras 1994) . Partial cutting approaches in particular are now also being recognized for their potential for more closely mimicking outcomes of natural disturbance (Franklin et al. 2007; Palik et al. 2002) , which in this region are more frequently small-scale canopy gaps than stand replacement (Seymour et al. 2002) .
Much of our understanding of the impacts of partial cutting comes from stratified uneven-aged stands of shadetolerant species, in which the resulting species composition is very similar to the initial species composition (Bédard and Majcen 2001; Bohn and Nyland 2003) . In those stands, species composition varies relatively little with the portion of the diameter distribution (i.e., stratum) that is removed, although there may be other long-term consequences (e.g., dysgenics when harvesting only the largest trees, Hawley et al. 2005) . In mixed even-aged stands, however, canopy dominants are often a different species from trees in lower strata due, at least in part, to differential shade tolerances (Oliver and Larson 1990) . Removing only certain strata, therefore, may have significant implications for species composition. This is important for the hardwood forests of eastern North America, which are predominantly even-aged yet typically have reverse-J diameter distributions due to the differential shade tolerance of species in these mixed stratified forests (Oliver 1980a) . A common misimpression in the region is that these stands are multi-aged, resulting in the tendency to cut the largest trees (diameter-limit harvesting or "high grading") as they are mistaken for older trees (Oliver 1980a) . Because of species stratification, however, removal of the larger trees may have consequences for the species composition of the residual stands, and subsequently ramifications for the regeneration of future stands.
There is a surprising lack of information, however, on the impacts of most types of partial cutting in eastern North American hardwood forests, with the exception of a few growth and yield and regeneration studies following low thinning (e.g., Marquis and Ernst 1991; Ward 1992; Yanai et al. 1998) . In addition to the lack of baseline information on which forest stand structures (other than tree density and basal area) are modified by different disturbance types and intensities, little information is available to guide expectations of how ecosystem conditions might respond to such disturbances, making informed management nearly impossible. To achieve the objective of maintaining ecosystem resilience (i.e., the ability of an ecosystem to resume function following a disturbance ; Westman 1978) , information is needed on at least three things: (1) the inherent resistance to change (i.e., which parameters remain unchanged); (2) their recovery trajectory (i.e., their rate of recovery following disturbance); and (3) the accuracy of the recovery (i.e., how closely the resulting forests resemble the original forests) (Westman 1978) . To complicate matters, resilience as a concept is predicated on ecosystem stability prior to disturbance (Connell and Sousa 1983 ), yet forests are dynamic systems perpetually changing through stages of stand dynamics and along successional pathways. Assessing change over time following disturbance, therefore, requires not only comparing pre-and post-disturbance conditions, but also disturbed and undisturbed (control) conditions.
The objectives of the current study, therefore, were to provide information on conditions necessary for ecosystem resilience by documenting which common forest stand parameters are modified by harvesting disturbances of different known type and intensity in order to (a) evaluate the resistance of hardwood forest stands to change by evaluating structural and compositional responses along a gradient of harvesting disturbance, (b) compare trajectories of recovery along this gradient, and (c) evaluate the accuracy of the resulting forests to pre-disturbance and undisturbed conditions. Our approach was to characterize tree structure and composition at three points in time (pre-disturbance, 1-year post-disturbance, and ∼15 years following disturbance) along a gradient of harvesting disturbance created by cutting in different forest canopy strata.
Material and methods

Study area and treatment design
Three ∼70-year-old oak-mixed hardwood forest sites were chosen on public lands in central Pennsylvania (40 23'-39' N, 76 51-59' W) . Although sites were allowed to vary in factors known to be less influential in our region (e.g., slope (5-70 %) and aspect (S-SE, W, N-NE) (Bowersox and Ward 1972) , the most important biogeographical factors for our region, such as elevation (160-320 m) and soils (all stony and silty loams), were held generally comparable among sites. Prior to treatment, these were fully stocked (McGill et al. 1999 ) even-aged mixed stratified stands in the understory reinitation stage (Oliver 1980b ) with predominantly reverse-J diameter distributions. Stands were dominated by yellow poplar (Liriodendron tulipifera L.), black oak (Quercus velutina Lam.), northern red oak (Quercus rubra L.), red maple (Acer rubrum L.), sugar maple (Acer saccharum Marsh.), sweet birch (Betula lenta L.), white oak (Quercus alba L.), scarlet oak (Quercus coccinea Münchh.), and American beech (Fagus grandifolia Ehrh.). Between 1993 and 1995, six cutting treatments were applied to adjacent 0.8 ha (2 acre) blocks at each site. Treatments spanned a gradient of disturbance (Fig. 1) , from the least (1. uncut Control) to the greatest (6. Total removal of all stems) possible extreme. The degree of canopy strata removal increased approximately in this order, by cutting: 2. Low, only the smallest trees; 3. Broad, 2/3 of the stocking from below and 1/3 from above the median diameter (resulting in a fairly even cut across the diameter distribution); 4. Mid, suppressed, and intermediate trees; 5. High, only the largest trees. Each treatment was replicated at all three sites, with the exception of the Mid treatment, which was only applied at two sites.
Measurements and calculations
Each block was composed of an interior 0.2 ha square measurement plot surrounded by a 20.1-m buffer of treated forest. Within each plot, all stems over 2.5 cm diameter at breast height (d.b.h) were inventoried for species and d.b.h. prior to cutting (Pre-cut), within a year after the treatment (Post-cut), and 14-16 years later (2009). The measured tree structural parameters included basal area (BA, square meter per hectare), stems per hectare (SPH), quadratic mean of the diameter at breast height (QMD, centimeter), the coefficient of variation of the diameter at breast height (CV DBH , centimeter), tree species richness, and Shannon's diversity index (Barnes et al. 1998, p. 586) .
Analyses
The resistance of these stands to disturbance was evaluated by comparing Pre-cut and Post-cut structural parameters within each treatment type using the Kruskal-Wallis rank sum test in R 2.11.1 (R Development Core Team 2009) at the α00.10 level due to the small sample size. Pre-cut and Post-cut tree species composition for the partial cutting and control treatments was compared using distance-based MANOVA based on Sørensen distances while blocking by site and treatment (PerMANOVA in PC-ORD v. 6, McCune and Meford 2011). Compositional redundancy (i.e., overlap in species composition) was based on these Sørensen distances and expressed as the inverse of Percent Dissimilarity (Faith et al. 1987) . Indicator species analysis (in PC-ORD) was also used to identify which tree species were significantly (P<0.1) more frequent and abundant in the Pre-cut and Post-cut time periods.
The trajectory of recovery was compared among treatments along the disturbance gradient by ordinating tree species composition over time for each site separately using global nonmetric multidimensional scaling (NMS) on matrices of BA, relativized by species maxima, based on Sørensen distances (in PC-ORD). Each ordination was thus conducted on a matrix of a variable number of tree species (25-32) in five to six treatments (because the Mid treatment was unavailable at one site) across three time periods. In all three sites, scree plots indicated that two-dimensional solutions were most appropriate. After ensuring consistency of interpretation among several runs for each site, a statistically unique (P<0.05) solution with final stress≤13 for each site was scaled proportionally on both axes. The [x, y] coordinates for each of these three sets of scores were then averaged within each treatment type such that a single graph is presented reflecting the average positions in space of each treatment plot at each of the three points in time, which did not affect interpretation but simplified presentation. To evaluate the trajectory of recovery for relevant structural variables, a matrix of the seven variables that had Pearson correlations with the NMS axes of r>0.4 [tree density, QMD, standard deviation and coefficient of variation of DBH, richness (of both tree species and size classes), and diversity (of both tree species and size classes)] were averaged across the three sites and ordinated using Principal Components Analysis based on a correlation cross-products matrix.
The accuracy of recovery was evaluated by comparing Pre-cut and 2009 structural parameters within each treatment type and by contrasting 2009 structural parameters among treatments using a Kruskal-Wallis rank sum test. Pre-cut and 2009 tree species composition of the partial cutting and control treatments were compared within each treatment type, and 2009 composition was contrasted among treatments, using PerMANOVA. In addition, the patterns of redundancy identified among the partial cutting and control treatments using NMS were compared using the Mantel Test, which calculates a Pearson correlation between square matrices (using Compare Scores in PC-ORD). Indicator species analysis was also used to identify which tree species were significantly more frequent and abundant in the Pre-cut and 2009 time periods.
Results
Resistance
Between the Pre-cut and Post-cut measurements (Fig. 1) , the Control plots gained a small amount (averaging 1.4 %) of Control, 20Low, 30Broad, 40Mid, 50High, 60Total. All stands had reverse-J diameter distributions prior to treatment stocking while the remaining treatments lost stocking in the order of Low (24.1 %), Broad (27.4 %), High (36 %), Mid (40 %), and Total (100 %) (McGill et al. 1999) .
Significant changes between Pre-cut and Post-cut measurements were observed regardless of treatment for BA, SPH, richness, and diversity (rank sum test, all P<0.01, respectively) ( Table 1) . Although prior to cutting tree parameters did not differ among treatments (all P>0.2), following cutting, there were significant differences among treatments for all parameters (all P<0.09) except diversity (P00.17).
Overstory composition differed between Pre-cut and Post-cut measurements (PerMANOVA, P00.06), primarily due to the reduction in abundance of sweet birch, scarlet oak, and American beech following disturbance. Compositional redundancy, expressed as the inverse of percent dissimilarity among the same sample units Precut and Post-cut treatment, averaged 68 %, resulting in a standardized Mantel statistic of r00.81 (P<0.001). Although tree composition did not differ among treatments either before (P00.83) or after the disturbance (P00.18), the average dissimilarity between Pre-cut and Post-cut plots decreased in the order of High (35 %; standard deviation, std 1 %), Mid (28 %; std 11 %), and Broad (17 %; std 9 %), and Low (17 %; std 8 %).
Recovery trajectory
Over the 15-year measurement period, the undisturbed Control plots had slight increases in BA and QMD, no change in SPH or diversity, and slight decreases in CV DBH and richness (Table 1) . In all of the partially cut treatments, BA and SPH were initially reduced and then increased, returning to approximately Pre-cut levels (within one standard deviation) by 2009. The QMD increased in the Low and Mid plots before returning to Pre-cut levels, remained stable in the Broad plots, and initially declined in the High plots before returning to near Pre-cut levels by 2009. The CV DBH initially decreased in the Low and High plots before returning to Pre-cut levels, remained stable with a slight increase over time in the Broad plots, and was initially stable and then increased substantially in the Mid plots. Whereas richness initially declined and then recovered to equal or exceed Pre-cut levels, diversity responded slightly and differentially among treatments initially but then stabilized at Pre-cut levels. In the most disturbed Total removal plots, after initial declines, both richness and diversity increased until at or above Pre-cut levels, SPH increased to nearly three times Pre-cut levels, and BA, QMD, and CV DBH all increased to approximately half of Pre-cut levels by 2009.
At all three sites, the most extreme changes are represented by the Control plots (Fig. 2) , in which the dominant (163) 754 (208) 295 (58) 491 (252) 674 (199) 475 (68) 571 (131) 556 (23) 229 (44) 669 (44) 739 (270) 567 (77) 787 (111) Prior to harvest, no parameters differed among treatments; post-harvest, all parameters except diversity differed among treatments. By 2009, only Basal Area, Stems per Hectare, and QMD still differed among treatments and co-dominant trees at each site increased in influence over time (e.g., American beech and northern red oak in site 1, yellow poplar and black oak in site 2, and yellow poplar and sugar maple in site 3), and the Total removal plots, which exhibited quite different trajectories from the Controls primarily as a result of an increase in influence by light demanding pioneer species such as yellow poplar and sweet birch across all sites. All four of the partially cut treatments changed trajectories over time. Initially, each shifted in composition as a result of the cut (from Pre-cut to Post-cut). The Low and Broad treatments then recovered, returning to near Pre-cut conditions (from Post-cut to 2009). In contrast, the Mid and High treatments only partially recovered between Post-cut and 2009, returning not to Pre-cut conditions but continuing to shift right along the Axis reflecting change in the Control plots. Although all partially cut treatments demonstrated some return toward Pre-cut composition (i.e., all trajectories contained acute angles), the High treatment developed a new trajectory quite distinct from that of the other partial cutting treatments. Ordering treatments from highest to lowest compositional change across the ordination space produced a ranking of 6-Total, 5-High, 2-Below, 4-Mid, 1-Control, 3-Broad (Appendix). Change in the structural composition paralleled that of the species composition in that the most extreme changes were represented by the Control and Total removal plots (Fig. 3) , which occupied opposite ends of the first Axis.
Further, once again, all four of the partially cut treatments reversed trajectories over time, initially shifting from Pre-cut to Post-cut (generally along Axis 2 with a reduction in species richness and an increase in size diversity) and then shifting back to a varying degree from Post-cut to 2009. Structurally, the greatest divergence from Pre-cut or Control conditions was seen for the Low treatment, although the Broad and High also established somewhat new trajectories. Ordering treatments from highest to lowest structural change across the ordination space produced a ranking of 6-Total, 5-High, 2-Below, 4-Mid, 1-Control, 3-Broad, which is the same as was seen for species composition.
Recovery accuracy
Significant differences between Pre-cut and 2009 measurements were observed only for QMD and diversity (Kruskal-Wallis rank sum test, P<0.06) ( Table 1) . In comparison to the Control in 2009, all treatments except the Broad (P00.23) had significantly lower BA (all P< 0.05); only the Total removal had significantly different (greater) SPH (P<0.001); only the High and Total had significantly different (lower) QMD (P00.03 and 0.01, respectively); only the Mid and Total had significantly different (greater) CV DBH (both P00.01); and no differences from the Control were observed in richness or Fig. 2 Scatterplot showing the average position, across the three sites, of each treatment plot at three points in time in tree species basal area space characterized using NMS ordination with the Sørensen distance measure. Vectors begin at the Pre-cut composition, connect to the Postcut composition, and end (with arrow heads) at the 2009 composition. Vectors arising from the centroid show the directionality (angle) and magnitude (length) of associations of tree species with the ordination axes, indicating greatest abundances of sugar maple toward the High plots and greatest abundances of yellow poplar toward the Mid plots. The diagram has been rotated such that the compositional change in the control plots is aligned with Axis 1 Fig. 3 Scatterplot showing the position of each treatment type (averaged across the three sites) at three points in time in tree structure space characterized using PCA. Vectors begin at the Pre-cut composition, connect to the Post-cut composition, and end (with arrow heads) at the 2009 composition. Vectors arising from the centroid show the directionality (angle) and magnitude (length, scaled to 70 %) of associations of structural characteristics with the ordination axes. The diagram has been rotated such that the compositional change in the control plots is aligned with Axis 1 diversity (all P>0.14). In 2009, BA (P00.03), QMD (P0 0.04), SPH (P00.07), CV DBH (P00.10), and richness (P00.10) still differed among treatments. Notably, the variation in tree sizes (CV DBH ) was considerably higher in the Broad and particularly the Mid than in the Control, Low, High, or Total (Table 1) . Despite the various treatments received, by 2009, all plots were more than adequately stocked (65-109 %).
Pre-cut and 2009 tree species composition did not differ significantly (PerMANOVA, P00.23), despite a continued greater frequency and abundance of sugar maple in the Precut time period. Compositional redundancy averaged 56 %, resulting in a standardized Mantel statistic of r00.75 (P< 0.001). The average compositional dissimilarity between Pre-cut and 2009 plots remained higher for the High treatment (32 %; std 7 %) than for the other partial cutting treatments (all 21-22 %; std 8-12 %). The 2009 tree species composition differed significantly among treatments (P00.03) when controlling for site differences (P<0.01), but no cutting treatment differed significantly from the Control (all P>0.1). On average across the three sites, the change in compositional dissimilarity between the Control and each partial cutting treatment was less than ±5 % (std 8-10 %) for all treatments except the High, which was 10 % (9 %); all cutting treatments, however, had more than 50 % compositional similarity with both the Pre-cut and the Controls.
Discussion
If resistance is defined as a lack of response to a perturbation (cf. Westman 1978 among others), then no forest can ever be resistant to harvesting as tree densities and basal areas always decline. The intensity (e.g., the magnitude in the reduction in basal area) and type (e.g., strata cut) both affect stand structure (Oliver 1980b) : whereas a diameter-limited thinning from below may remove only small trees, leaving the canopy intact, a diameter-limited cutting from above of equivalent intensity may remove much of the overstory while leaving the subcanopy intact. The general trend of the observed changes in many of the structural parameters immediately following harvest, and their differences among treatments, was therefore somewhat anticipated, if not previously documented. If, however, ecological resistance focuses on the impacts of harvest on parameters that measure conditions not changed by design (i.e., not specified in the silvicultural prescription), then the immediate impact of partial harvest on these stands involved a lack of resistance for richness, diversity, and species composition. Although the negative impacts of harvesting on richness and diversity can be grave in some ecosystems; in this region, harvesting tended to increase richness and diversity through the colonization of locally abundant native tree species. The most ecologically and silviculturally relevant result, therefore, may be the non-resistance of species composition and its long-term consequences, despite structural resilience (cf., Burton et al. 2009 ).
Compositional and structural development following very intense harvesting disturbances in North American hardwood forests has been characterized in an extensive literature of applied silvicultural research (Leopold and Parker 1985; Ross et al. 1986; Gilliam et al. 1995) and supports the generalized model of Oliver (1980b) . After the extreme disturbance of clearcutting, the resulting stands are known to initially be composed of many small trees dominated by fast-growing species such as yellow poplar, red maple, or sweet birch (Elliott and Swank 1994; Beck and Hooper 1986; Arthur et al. 1997; Groninger and Long 2008) , which is supported by our findings of increases in yellow poplar and sweet birch and lower QMD in the Total removal plots. Although high intensity disturbances are thought to cause greater ecosystem changes and reductions in resilience as compared to low intensity disturbances (Oliver 1980b; Halpern 1988; Frelich and Reich 1998) , forest development after partial disturbance is otherwise poorly understood. Nonetheless, our results appear to support the brief model of succession following a partial disturbance presented by Oliver and Larson (1990) , in which lesser disturbances can either maintain a single layered structure (e.g., our Low and Broad treatments) or result in multi-layered structures (e.g., Mid treatment) depending on the severity of the disturbance. Despite similar amounts of basal area removal in the Mid and High treatments (i.e., a similar disturbance intensity), our results for the coefficient of variation for tree diameters indicate that our High treatment did not develop a multi-layered structure, further supporting the assertion that intensity alone is insufficient to predict stand development following partial disturbance (cf., Oliver and Larson 1990) . The divergence of these partial harvesting treatments may be explained by taking the stratum of disturbance into consideration. While the High treatment removed portions of the canopy, leaving subcanopy trees intact, the Mid treatment was more severe (sensu Chapin et al. 2002) , removing trees both within and below the canopy.
The gradient in harvesting disturbance type was reflected in variation among treatments in resistance, recovery trajectories, and recovery accuracy. Pre-cut to Post-cut dissimilarity was nearly twice as great when cutting large trees (High) as opposed to cutting small trees (Low) or across the diameter distribution (Broad), and after 15 years dissimilarity to Pre-cut and Control conditions remained higher for the High treatment than for the other partial cutting treatments. Over the course of the 15 years following harvesting disturbance, many parameters, and especially species composition, were observed to shift in one direction immediately following the partial harvest treatments and then to shift in a different direction over the subsequent 14 years. The recovery trajectories for the Low and Broad treatments particularly demonstrated a strong return to Pre-cut condition, while the Mid and High treatments did not return to Pre-cut conditions but shifted more in parallel with the Control. In the end, the Low, Broad, and Mid partially harvested treatments eventually demonstrated considerable structural accuracy, in that a return to either Pre-cut (e.g., BA, SPH, CV DBH ) or Control (e.g., SPH, QMD) levels, within one standard deviation, was observed for most structural parameters. Further, although compositional redundancy and association were lower between Pre-cut and 2009 than Pre-cut and Postcut, richness, diversity and species composition no longer differed among partial harvest treatments or between 2009 and Control or Pre-cut-treatment levels. However, the lack of significant difference in diversity measures after 15 years may reflect more the tremendous landscape variability in the region (i.e., high site-to-site variability and large error terms) rather than resilience per se, as indicated by an even lower compositional redundancy in 2009 (56 %) than immediately following cutting (65 %), particularly for the High treatment.
These findings indicate that some of the necessary (if not sufficient) conditions for ecosystem resilience may be able to be maintained in North American eastern hardwood forests despite, or perhaps through, some partial harvesting treatments. For example, partial harvesting targeting specific strata has been used to convert even-aged forests to uneven-aged by reducing overstory competition for light and thus improving conditions for shade intolerant regeneration (e.g., Schütz 2001) . In even-aged mixed stratified forests such as these, small-diameter shadetolerant trees that persisted in the understory for decades (as evidenced by a reverse-J diameter distribution) could be released by such partial harvests. As demonstrated by the Mid treatment in this study, structural diversity (as measured by the coefficient of variation of tree diameters) at the stand level can also be increased using partial cutting, as has previously been noted for other forest types (Bauhus et al. 2009; O'Hara 1998; Zenner 2000; Gronewold et al. 2010) . In this region, silvicultural techniques promoting multiple-layers, such as the Mid treatment in this study, may produce conditions more analogous to natural disturbances than techniques that do not result in such layers (Seymour et al. 2002) .
It is possible, however, that the necessary conditions for ecosystem resilience may not be maintained following high grading, as reflected in our High treatment. Long known to be a poor silvicultural practice in eastern hardwoods (Nyland 1992) , diameter-limited cutting from above (resulting in harvesting only large trees) may result in patchy and reduced regeneration and increased abundance of less desirable shade-tolerant species such as sugar maple and red maple (Fajvan 2006) , reduced growth of desired residuals trees (Trimble 1971 , Schuler 2004 , and irregular yields with lower volume production (Nyland 2005) . Our findings further indicate that high grading serves neither the development of two-cohort structures nor compositional recovery.
Conclusion
These North American eastern hardwood forests demonstrated poor initial resistance of both the structural parameters directly affected by cutting and indirectly affected measures of diversity and composition. By 15 years after the harvesting disturbance, however, these forests demonstrated recovery of most parameters for all but the High (high-grading) treatment, indicating the potential for applying partial harvesting treatments to achieve a variety of objectives while maintaining some of the necessary conditions for ecosystem resilience. These documented structural changes are in keeping with the model presented by Oliver and Larson (1990) , which may provide a framework for using partial harvesting to direct stand structural development. Only the high-grading treatment was demonstrated to have little application for most silvicultural objectives.
Although a longer disturbance gradient, incorporating more gradations of higher severity disturbance, would be required to empirically characterize the presence or absence of resilience thresholds in this system (after Frelich and Reich 1998), this may not be necessary for the operational objective of identifying partial cutting techniques that may be suitable for mimicking the structural and compositional outcomes of natural disturbances. Rather, future studies should instead focus on monitoring specific, societally desired aspects of ecosystem integrity (e.g., wildlife habitat, water quality, recreational uses, etc.) and developing partial cutting regimes that maximize these responses.
